Abstract. Sixty-eight cases of suppurative, ulcerative endometritis associated with Bovine Herpesvirus-4 (BHV-4) in postparturient dairy cows (62 Holsteins and 6 Jerseys, mean age 4.2 years) were confirmed by a combination of histopathology, fluorescent antibody assays, electron microscopic evaluation of uterus, and polymerase chain reaction (PCR). All cases occurred in the 3-to 28-day postpartum period, and histologic lesions among various cows were consistent when compared with postpartum interval. The endometrial lining epithelium was necrotic and ulcerated from 3 to 7 days postpartum, with only mild inflammation in the lamina propria and submucosa. From 1 to 4 weeks postpartum, the ulcers were confluent to diffuse. Epithelium was replaced by fibrinonecrotic, suppurative mats, resulting in severe bacterial pyometra by day 24. Seroprevalence to BHV-4 in one dairy with a history of 18 mortality cases was 36% (107 of 296). In a random sample of 8 cows from this herd, none had serologic titers in blood sampled 2 weeks prepartum, but 3 of 8 seroconverted with significant titers of 1:8 to 1:16 at 2 weeks postpartum. By 10 weeks postpartum, all 8 cows returned to negative serologic status. Two of 6 cats from the premises also had positive titers. Random serum samples taken from 480 dairy cattle at sale barns indicated 76 (16%) were positive by serum neutralization. Clinical signs, postparturient timing, and histologic lesions were very similar to those previously reported in Belgium with BHV-4. But sequence analysis of PCR products of the glycoprotein B region of 4 separate field isolates of endometriotropic BHV-4 suggests these field isolates were more closely related to the North American nonvirulent strain DN-599 than to the endometriotropic European strain V.
Recently, our laboratory reported 15 cases of suppurative, ulcerative endometritis associated with Bovine Herpesvirus-4 (BHV-4) in postparturient dairy cows. 11 Unlike the relatively prevalent and virtually nonpathogenic DN-599 strain, these apparently endometriotropic strains of BHV-4 were not associated with respiratory signs. 11 Before 1999, BHV-4-associated endometritis had rarely been recognized in the United States, 16 but a syndrome of epizootic metritis similar in timing, course, and outcome attributed to BHV-4 was reported in Europe in the 1980s. 2, 9, 19 Several strains of BHV-4 have been identified, including the 2 major prototypes, DN-599 and Movar 33/63, 5, 13 and 2 European strains associated with genital disease, strain V and LVR140. 8, 14 Although BHV-4 has been isolated from cattle with a variety of illnesses including abortion, metritis, vaginitis, enteritis, and pneumonia, it has also been isolated from healthy cattle. 2, 4, 9 Until recently, BHV-4 had not been clearly established as the cause of a specific disease entity. 12, 13 Because of concurrent or subsequent bacterial metritis associated with this viral infection, large losses to producers are incurred from death, delayed breeding and infertility, discarded milk from antibiotic therapy, and decreased milk production from systemic effects of the metritis. Similar reports elsewhere indicate that BHV-4 appears to be an emerging cause of endometritis in cattle throughout the southern and midwestern United States (J. Kreeger, P. Johnson, G. Frazier, personal communication, 2001 ).
The purpose of this report is to describe additional cases of this syndrome and document seroprevalence rates of BHV-4 using a serum neutralization assay to demonstrate the depth of the problem in the southern United States. Field isolates were sequenced to aid in determining whether this emerging syndrome is caused by an imported European strain of BHV-4 or a new variant of the ubiquitous North American strain, DN-599.
Materials and methods

Diagnosis and confirmation of BHV-4 infection.
All cattle presented to the diagnostic laboratory over a 2-yr period with a history or signs of metritis had a complete workup performed at the time of necropsy including routine histopathology of multiple sites in the genital tract, viral isolation, fluorescent antibody assays, and electron microscopic evaluation as previously described. 11 Of the 68 cows diagnosed positive, 15 were included in a previous report. 11 Polymerase chain reaction (PCR) was used for confirmation, 9 but criteria required for positive BHV-4 diagnosis included characteristic histologic lesions and at least 2 positive ancillary tests. Cows were euthanized in 2 dairies when postpartum metritis corresponded with positive serology, and these animals were submitted for necropsy before the onset of pyometra (in an attempt to eradicate the disease from the herd). This resulted in collection of tissue samples from BHV-4-infected cows at a variety of time-points ranging from 3 to 28 days postpartum and provided an opportunity to compare lesions of BHV-4 at various stages of infection.
Serum neutralization assay of archived serum. Serum samples from 630 dairy cows were obtained from the Georgia Department of Agriculture's Brucellosis Laboratory. These samples constituted a random sampling from more than 200,000 blood samples drawn from both dairy and beef cattle because they were sold in Georgia sale barns over a 2-yr period. The samples were categorized by sex, age, and location of the sale. The majority of these cattle were multiparous. In a random population survey of 13,000 total dairy cows, if 630 samples were to be examined, there is a 99% certainty of detecting a 1.0% expected frequency of disease with a worst acceptable frequency of disease of 0.5%.
Samples were assayed for neutralizing antibodies using a standard microtiter neutralization assay using an endometriotropic strain of BHV-4 taken from stocks of cultured virus from a clinical case submitted for necropsy. a The serum neutralization assay was also performed on all the 296 cattle from a dairy that has had chronic, endemic BHV-4 metritis (18 clinical cases confirmed at necropsy) and on 6 barn cats from this same dairy. Briefly, 2-fold dilutions of the serum sample were made in minimal essential media in a row of wells of a 96-well microtiter plate. Fifty microliters of virus, containing 100-300 TCID 50 of endometriotropic BHV-4 virus was then added to each well. The plates were incubated for 60-90 min at 37 C in a CO 2 incubator. After incubation, Madin Darby Bovine Kidney cells were added to each well. The plates were incubated as before for 5-7 days. The inverse of the last dilution that completely inhibited viral replication was recorded as the titer.
Viral sequence analysis of PCR products. During the course of the diagnostic investigations of BHV-4-associated endometritis, several viral isolates were stored at Ϫ70 C. To compare the genetic background of these isolates with DN-599 stock virus b and with published sequences of the European strain V of BHV-4, 22 sequence analysis of PCR products was performed. DNA taken from cell culture supernatant from 4 of the cases and from DN-599 stock virus was isolated and prepared for PCR using a commercial kit c as previously described. 11, 12 Only a single stage amplification PCR approach was performed, using 1-g sample of DNA. Cycling conditions were 94 C for 1 min, followed by 35 cycles of denaturization at 94 C for 1 min, annealing at 58 C for 2 min, and extension at 72 C for 3 min. Amplification was performed in a final volume of 50 l of 10 mM Tris of pH 8.3 containing 1 U of Taq polymerase, 0.2 mM deoxynucleoside triphosphate, 3 mmol/liter MgCl 2 , 50 mmol/liter KCl, and 0.5 mol/liter of each primer. 12 Primer sequences were (5Ј-CATGACACACTATTTTAAGTACTA-3Ј) and (5Ј-GTAAAGTTCCACTGTCTTGAAATCTA-3Ј). PCR products of approximately 136 bp were evaluated by electrophoresis through a 1.5% agarose gel and isolated by excision before purification of DNA. c,d These amplicons were then submitted to the University of Miami genetic sequencing facility, and sequencing reactions were performed with primers in both 5Ј and 3Ј directions with multiple runs each to fill in gaps. Separate DNA samples from the same isolate were sequenced several times from both ends to ensure accuracy.
Results
Sixty-eight cases of BHV-4-associated endometritis in dairy cows from 14 different herds (62 Holsteins and 6 Jerseys, mean age 3.6 years) were confirmed at necropsy using the previously mentioned criteria. All cases occurred in the 3-to 28-day postpartum period and histologic lesions among various cows were consistent when compared with the postpartum interval. The endometrial epithelium was necrotic and ulcerated from 3 to 7 days postpartum, with only mild inflammation in the lamina propria and submucosa. From 1 to 4 weeks postpartum, the ulcers were confluent to diffuse. Epithelium was replaced by fibrinonecrotic, suppurative mats resulting in severe bacterial pyometra by day 24. Arcanobacterium pyogenes, Escherichia coli, and rarely Clostridium perfringens and Streptococcus species were isolated from the uterus. Approximately 90% (61 of 68) of cows diagnosed with endometriotropic BHV-4 had histologic evidence of moderate to severe hepatic lipidosis. In 15 of 17 for which antemortem blood was available, hepatic enzymes (serum glutamic oxaloacetic transaminase, alkaline phosphatase) were elevated compared with reference ranges.
Serum neutralization assays were performed on 630 archived serum samples obtained during 1999-2000 from dairy cows throughout Georgia. Results for 150 of 630 dairy cow sera were inconclusive because of endogenous cytotoxic interference with the serum neutralization assay. Of the remaining 480 samples, 404 were seronegative (SN), whereas 76 were seropositive with titers ranging from 1:8 to 1:32. This is a 16% seropositive rate, and information from the Brucellosis Laboratory indicated that these cows were purchased at multiple sale barns throughout Georgia.
Using the same assay on an endemically infected dairy herd, serologic titers were found in 107 (36%) of the 296 cows tested. Although the titers were low (1:8 to 1:64), 7 of the seropositive cows were subsequently euthanized with clinical and virological evidence at necropsy of BHV-4 endometritis. Eleven other cattle from this dairy herd were previously diagnosed with BHV-4-associated endometritis or pyometra at necropsy. To determine whether timing of collection and/or stress of parturition had any effect on serologic titers, sera from 8 randomly selected cattle from this dairy were collected a second time 1 year after the original blood samples were taken (based on the timing of the subsequent calving). Blood was drawn 2 weeks before expected parturition date and 2 weeks after parturition ( Table 1) . Two of the cows (#1 and #2) had serum neutralization titers to BHV-4 of 1: 32 and 1:8 in samples taken the previous year, whereas the other 6 were all serologically negative. When 2-week-prepartum serum was assayed (50 weeks after the original serum samples were drawn), all 8 of the cows were serologically negative for BHV-4. But when the cows were reassayed 4 weeks later in the postparturient period, 5 of the 8 cows now had SN titers of 1:4 to 1:16. Because 1:8 was considered to be the cut-off for seropositivity, only 3 of these cows were considered to have significant positive titers. Samples were retaken again at 6 weeks postpartum and only 1 of the 7 now had a titer and this was minimal at only 1:4. At 10 and 16 weeks postpartum, all 8 cows remained negative, with 1 cow maintaining the minimal titer of 1:4.
Sequencing an approximately 220-bp region of the glycoprotein B region of the BHV-4 genome from several isolates revealed some genetic variability among strains. The nucleotide sequences from 4 isolates and stock DN-599 virus are shown for comparison ( Table  2) . Two of the isolates (T1 and T2) are very similar to DN-599, with only 3 and 29 bp differences, respectively (Ͻ1% and 7% incongruency). Sequences of isolates from 2 other farms (T3, T4) vary to a greater degree (19 bp and 23 bp, respectively) but still share more than 82% bp homology with DN-599. Strain-V from Europe also has differences in the gp B region of only 9 bp (93% homology). DN-599, T1 and T2 often share bp sequences that differ from Strain-V at the same loci. The sites of sequence variation of T3 and T4 isolates are often dissimilar to any of the other strains including DN-599 and Strain-V, but are often similar to each other.
Discussion
Although there is currently no commercial antemortem assay for BHV-4 available in the United States, a serum neutralization assay is being used at a few diagnostic laboratories and an enzyme-linked immunosorbent assay (ELISA) has been used in Europe. A PCR assay has also been utilized. 3, 10 Using anti-DN-599 polyclonal antibodies from fluorescent antibody (FA) experiments, 9 the serum-virus neutralization assay to BHV-4 has successfully identified positive serum from multiple animals proven to harbor the virus at postmortem. The 16% statewide seropositive rate found in the archived serum samples indicates that exposure to BHV-4 is widespread in Georgia dairies. It must be emphasized that positive serology to BHV-4 does not necessarily indicate exposure to endometriotropic strains. Given the cross-reactivity between DN-599 and endometriotropic strains of BHV-4 using currently available polyclonal antibodies, seropositivity on this test may not accurately reflect true prevalence to strains responsible for endometritis. But positive serology to BHV-4 in 76 dairy cows from multiple sites and confirmation of 68 endometritis-associated diagnostic cases from 14 separate dairies using viral isolation, PCR, and FA assays suggest that endometriotropic BHV-4 has widespread distribution.
As evidenced by the higher seroprevalence rate (36%) in the endemically infected herd, it is likely that the incidence of infection within specific herds is much higher and endemic disease may be common. It might seem curious that only 36% of an endemically infected herd would react positively to BHV-4 by serum neutralization if BHV-4 is a primary pathogen and infection is lifelong. This level of seroconversion within a herd could indicate limited exposure to virus or possibly innate immunity in some of the cows. It might also reflect poor sensitivity of the serum neutralization assay. But 8 cows were serologically negative only 2 weeks before parturition, but 3 of these cattle had significant titers 2 weeks after parturition (4 weeks later). Because 2 of these cattle had titers when sampled a year earlier and then all 5 reconverted to negative status by 10 weeks postpartum, it is unlikely that all 3 were suddenly exposed to the virus or reinfected. Rather, it more likely reflects BHV-4 recrudescence from latency in a cyclic fashion associated with parturition. This implies that there are unknown conditions surrounding parturition necessary for disease expression (and seroconversion) to occur. Previous reports from Belgium indicate that BHV-4-associated clinical metritis was observed only in the early postpartum period, regardless of when exposure or experimental inoculation with virus occurred. 2, 19, 21 These findings suggest that seropositivity on SN assays may be primarily limited in cattle to periparturient periods (0-6 weeks postpartum) or possibly other periods of stress from some other cause. Therefore, the true incidence of infection is probably much higher than is suggested by results from our random serum sampling across all periods of lactation.
The reason for the low serologic titers to BHV-4 (all Ͻ1:64) are not clear, but these findings are consistent with those reported with an endometriotropic strain of BHV-4 in Europe. 4, 8, 21 Low ELISA titers were found after experimental inoculation in cows and no neutralizing antibodies could be demonstrated. 7, 8, 21 The principal mode of transmission of the virus is also not yet established with certainty. Experimental evidence of intermittent viral shedding in milk, saliva, and semen has been reported with endometriotropic BHV-4 from Europe, 6, 7, 14 and there is a high probability of prolonged latent infections. 2, 15 Using a heminested PCR assay, BHV-4 DNA was amplified from semen taken from a bull in an infected herd (data not shown). Serum from 6 barn cats from this dairy were also assayed by serum neutralization, and 2 of the cats had titers of 1:8 and 1:16. A large number of cats from a Michigan animal shelter have previously been reported with similar serologic titers to BHV-4. 12 Although it is unknown whether cats could act as potential vectors for transmission of BHV-4, they probably were exposed to the virus through discarded milk or possibly placental contact at the dairy. Given the high number of nondiagnostic results with the serum neutralization test, an ELISA or an alternative serum assay may be preferable for use in diagnostic laboratories as a herd screening tool, but data suggest all serologic assays may suffer from a high number of false negatives.
The nucleotide sequence of the glycoprotein B region from multiple isolates indicates remarkable homology to DN-599 and from Strain V. The location of variable regions and overall similarity of 3 of the isolates (T1, T2, and DN-599) suggest that they are closely related to each other. The T4 isolate varies to a greater degree from the other 3 isolates. But when compared with the published sequence of a European isolate of BHV-4-associated with genital disease (Strain V: genebank #Z15044.1; NC 002665.1), 6, 22 the sequence of all 4 isolates are similar and differences between groups are more pronounced than between DN-599 and Strain V. But T1 and DN-599 are virtually identical and differences among Strain V occur in the same loci. This implies that the syndrome of BHV-4 associated endometritis is caused by a recent mutation rather than importation of a European strain, and therefore endometriotropic field isolates may be more closely related to the ubiquitously recognized North American strain DN-599 than to the European Strain V or strain LVR140. Caution is warranted, however, as overall sequence similarity in this portion of the BHV-4 genome suggests further sequencing of several different regions in multiple field isolates is needed for confirmation of this hypothesis.
BHV-4 appears to be capable of significant genomic drift as demonstrated by variability between isolates from separate locales, and it is tempting to speculate that these endometriotropic strains arose spontaneously from non-or less-pathogenic strains of BHV-4 such as DN-599.
The glycoprotein B region was chosen as a site for sequencing because tissue tropism would most likely be associated with variations in virion surface glycoproteins and this particular region was consistently amplified by PCR in all isolates allowing easy comparison. 11 It is possible that similar amino acid motifs from all North American and European endometriotropic strains are present within other glycoproteins that account for their pathogenicity and tropism. The close similarity between DN-599 and the endometriotropic field strains of BHV-4 would suggest that glycoprotein B may not be responsible for uterine tropism. The translated amino acid sequence of DN-599 is virtually identical to that of the T1 isolate and differs only by a single amino acid. Because 4 other glycoprotein peptides have been identified in the BHV-4 virus, 22 genetic sequences responsible for tropism of these strains more likely resides within these other regions. Because of the large size (120 kb) and complexity of the BHV-4 genome, determination of the endometriotropic motif may be difficult. Translation of the nucleotide sequence demonstrates that strain V shares only 38/44 amino acid residues in common with DN-599 and the T1 field isolates, and shares only 35 of 44 residues with the T2 isolate. All 6 isolates share a 23-residue amino acid motif in the center of the fragment, but the biologic significance of this motif is unknown. Because the nonendometriotropic type strain DN-599 also shares the same amino acid sequence, this motif is unlikely to be required for uterine pathogenicity or tropism.
It is probable that factors present during the period immediately surrounding parturition increase susceptibility of the endometrium to viral infection. Disease expression seems to involve 3 separate factors: BHV-4 viral exposure, bacterial colonization of the uterus through the open cervix, and some degree of metabolic disturbance or immunocompromise resulting in viral pathogenicity or release from latency. The presence of concurrent hepatic disease in the vast majority of these cases warrants further investigation. Lipidosis has recently been associated with predisposition to other viral diseases in cattle. 18 Increased levels of nonesterified fatty acids and triacylglycerols in lipidotic cows have been related to postparturient impaired immune function. 15 Therefore, dairies with endemic BHV-4 that also have a high incidence of chronic nutritional or metabolic disease may be more likely to have higher incidences of clinical BHV-4-associated metritis and pyometra. Because of the potential for lifelong infection, detection of positive animals within a herd is essential in controlling endemic infections. Serum neutralization using readily available anti-DN-599 antibodies should be beneficial in this regard, despite the risk of cross-reactivity with nonendometriotropic BHV-4 strains and problems with endogenous cytotoxic interference in blood samples.
